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S1. Saturating and Conditioning the Packed Column
The packed column was slowly saturated by pumping 20 mmol L −1 Ca(NO 3 ) 2 solution in an upward flow direction at a flow rate of 0.083 mL min -1 for 1 h. Following this saturation step, the column was conditioned by pumping the same Ca(NO 3 ) 2 solution at a higher flow rate of 0.16 mL min -1 for 6.5 h. After the soil colloid stabilization step, the feed solution was replaced with 1.0 mmol L −1 KNO 3 solution, i.e., injecting 1.0 mmol L −1 KNO 3 solution at the flow rate of 0.16 mL min -1 for another 6.5 h. The flow rate was then increased to the target one of 0.25 mL min -1 and this process was maintained for at least 4 h. A total of at least 60 pore volumes (PVs)
were eluted during the saturating and conditioning steps. A potential problem in the packed soil column experiment is the possible migration and filtration of soil colloids that were mobilized by increasing flow rate and/or decreasing pore-water ionic strength (I c ) from the soil column (Grolimund et al., 1998; Dikinya et al., 2008) . Therefore, the amount of colloids released during the saturation and conditioning steps was continuously monitored over time by measuring the absorbance of the column effluent at 210 nm (Jaisi and Elimelech, 2009 ). All absorbance of the effluents during the saturation and conditioning steps was ≤0.001 even during increases in flow rate and decreases in I c . This observation clearly suggests that the slow, stepwise increases in flow rate and decreases in I c were most effective in minimizing the mobilization of the soil colloids, and avoiding pore clogging of the packed columns. The cumulative loss of soil colloids in any column was <1.0 wt % (triplicate experiments) of the total packed soil mass in the column.
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S2. Transport Model Selection
A one-dimensional form of the convection-dispersion equation with two-site kinetic attachment sites was used to simulate the transport and retention of PVP-AgNPs in the column experiments (Simunek et al., 2013) :
Where θ w is the volumetric water content [-] , C is the PVP-AgNPs concentration in the
, where M and L denote mass and length, respectively], t is the time
] are the solid phase concentrations associated with attachment site 1 and site 2, respectively. The two kinetic attachment sites described mass transfer of PVP-AgNPs between the aqueous phase and the solid phase. Site 1 assumes reversible attachment-detachment kinetics, whereas site 2 assumes irreversible attachment as follows:
Where k att1 [T -1 ] and k att2 [T -1 ] are the first-order attachment rate coefficients on site 1 and site 2, respectively,
] is the first-order detachment rate coefficient on site 1, and ψ is a dimensionless function to account for PVP-AgNPs attachment [-] . We have examined several blocking models that have been proposed in the literature to account for irreversible attachment (site 2) including Langmuirian blocking (Adamczyk et al., 1994) , random sequential adsorption (RSA) (Johnson and Elimelech, 1995) , and depth-dependent attachment (Bradford et al., 2003) .
The Langmuirian blocking function defines ѱ as (Adamczyk et al., 1994) :
The RSA model defines ѱ as (Johnson and Elimelech, 1995 Observed and model-fitted breakthrough curves (BTCs) and retention profiles (RPs) of PVP-AgNPs in the red soil are presented in Fig. S1 , which shows that these three blocking models described above did not sufficiently capture the blocking BTCs and nonmonotonic RPs of the PVP-AgNPs simultaneously.
To the best of our knowledge, only the 2-species model could well-approximate the blocking BTCs and nonmonotonic RPs simultaneously (Fig. S2 ). Below we briefly introduce the 2-species model (Bradford et al., 2006) .
The mass balance equations for the two species (species 1 and 2) of the PVP-AgNPs are given as: ] is the first-order deposition rate coefficient for species 2,
] is the first-order detachment rate coefficient for species 2, and
] is the production function for species 2. It is proposed that a critical value of S 1 needs to be reached (S crit1 ) before previously deposited PVP-AgNPs can be released into the aqueous phase (F p > 0).
This may occur when favorable locations become filled or blocked. The value of F p is therefore defined as the maximum of (S 1 -S crit1 ) and 0; i.e., max (S 1 -S crit1 , 0) where
] is the critical concentration of S 1 when reversible deposition starts. For values of S 1 < S crit1 , no release of deposited PVP-AgNPs occurs and
and S crit1 (n = 6) can be determined using the Levenberg-Marquardt nonlinear least squares parameter optimization algorithm (Marquardt, 1963) coded in HYDRUS-1D (Simunek et al., 2013 ). 
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